Background-Heart failure (HF) causes a decline in the function of the pacemaker of the heart-the sinoatrial node (SAN).
T he prevalence of heart failure (HF) is increasing in modern industrial nations, and it is estimated that Ͼ20 million people have this condition worldwide. 1 Sudden cardiac death accounts for Ϸ50% of deaths in patients with HF, 2 and bradyarrhythmias account for Ϸ42% of the sudden deaths in the hospital. 3 It is now known that HF causes dysfunction of the pacemaker of the heart-the sinoatrial node (SAN) (ie, sick sinus syndrome) 4 -as well as dysfunction of the atrioventricular node. 5 In human, dog, and rabbit, there is a decrease in the intrinsic heart rate (heart rate in absence of autonomic influence) during HF. 6 -8 Sanders et al 6 demonstrated that in patients with congestive HF as well as a decrease in the intrinsic heart rate, there is an increase in the corrected SAN recovery time (SNRT c ), a caudal shift of the leading pacemaker site, and abnormal propagation of the action potential from the SAN (ie, an increase of the SAN conduction time). Changes in the sensitivity of the SAN to acetylcholine and vagal nerve stimulation have been observed in HF in rabbit and dog. 8, 9 In other cardiac tissue types, it has been shown that a remodeling of ionic currents (and underlying ion channels) is responsible for the changes in electric activity in HF, 10 which also could be true in the case of HF-induced sick sinus syndrome.
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In the SAN, various inward ionic currents are responsible for the pacemaker potential and, therefore, pacemaker activity: the funny current (I f ), the Na ϩ current (I Na ), L-and T-type Ca 2ϩ currents (I Ca,L and I Ca,T ), and inward Na ϩ -Ca 2ϩ exchange current (I NaCa ) activated by diastolic release of Ca 2ϩ from sarcoplasmic reticulum (SR). 11 The delayed rectifier K ϩ currents, of which there are at least 3 types (ultrarapid [I K,ur ], rapid [I K,r ], and slow [I K,s ]), are activated during the action potential, and after the action potential, they deactivate during the pacemaker potential; the deactivation of the outward currents allows the pacemaker potential to develop (K ϩ decay hypothesis). 12 Another important factor responsible for pacemaking is the lack of inward rectifier K ϩ current (I K,1 ) in the SAN; in the working myocardium, I K,1 is responsible for the stable resting potential, and its absence in the SAN facilitates pacemaking. 13 There is some evidence of a remodeling of these ionic currents (and underlying ion channels) in HF-induced sick sinus syndrome: Block of I f by zatebradine causes a smaller decrease in heart rate in rabbit in HF, 14 and the decrease in SAN pacemaking in this model has been attributed to a decrease in I f . 15 In the dog, a decrease in hyperpolarization-activated cyclic nucleotide-gated (HCN) 2 and HCN4 mRNA and protein (ion channels responsible for I f ) by up to Ϸ80% is observed in the SAN in HF. 7 It is not known whether HF affects other ion channels in the SAN. In various models of cardiac hypertrophy and HF, the Na ϩ -H ϩ exchanger (NHE1) has been shown to play a surprising central role: NHE1 is upregulated, perhaps as a response to overload and stretch of the myocardium, and this may be responsible for the remodeling of the myocardium because inhibition of NHE1 (eg, by cariporide) results in prevention or regression of hypertrophy. 16 The aim of the present study was to investigate changes in the expression of genes that potentially could be responsible for HF-induced sick sinus syndrome. Genes for ion channels; connexins (responsible for electric coupling between myocytes); Ca 2ϩ -, Na ϩ -and H ϩ -handling proteins (including NHE1); and receptors were investigated. Widespread changes were observed.
Methods
HF was induced in 10 male Sprague-Dawley rats (aged 12 weeks) by ligation of the proximal left coronary artery as described previously. 17 The ligation resulted in a large infarct of the left ventricle (LV). Ten sham-operated rats were used as controls. Twelve weeks postoperatively, cardiac function was assessed in the anesthetized animal using echocardiography, ECG recordings, and catheterization. The animals were then euthanized, and SAN function was characterized in the isolated Langendorff-perfused heart using ECGlike recordings. Gene expression was characterized using quantitative polymerase chain reaction (qPCR).
Functional Measurements
Rats were anesthetized with ketamine HCl 100 mg/kg body weight IP and xylazine 5 mg/kg body weight IP. They underwent echocardiography (MyLab25; Esaote, Italy) with a 13-MHz linear array transducer. Briefly, left ventricular (LV) end-diastolic and end-systolic areas were measured with a planimeter from the parasternal long-axis view. LV ejection fraction was calculated as (LV diastolic areaϪLV systolic area)/LV diastolic area, as reported previously. 17 Then limb ECG electrodes were attached, and surface ECG recordings were obtained. In vivo normal heart rate was derived from at least 60 consecutive heart beats, and atrioventricular conduction time was measured as the PQ interval. A micromanometer-tipped catheter (Millar Instruments; Houston, TX) was advanced through the right carotid artery into the LV for recording of LV pressures and peak rate of rise and decline of LV pressure (dP/dt max and dP/dt min , respectively). After heparinization (1000 IU/kg body weight IP) and pentobarbital anesthesia (50 mg/kg body weight IP), the heart was excised. Lung tissue and excess connective tissue were removed and the heart weighed. The heart was then Langendorff perfused with Krebs-Henseleit buffer containing NaCl, 100 mmol/L; KCl, 4 mmol/L; MgSO 4 , 1.2 mmol/L; KH 2 PO 4 , 1.2 mmol/L; CaCl 2 , 1.8 mmol/L; NaHCO 3 , 25 mmol/L; and glucose, 10 mmol/L. The solution was bubbled with 95% O 2 and 5% CO 2 to give a pH of 7.4. Recording hook electrodes were inserted into the LV and right atrial appendage. Bipolar pacing hook electrodes were inserted into the right atrial appendage. The heart was allowed 10 minutes to stabilize. In vitro intrinsic heart rate was determined from at least 60 consecutive heart beats. SNRT and SNRT c were determined during atrial pacing at a frequency of 2 Hz higher than the intrinsic heart rate for 10 s duration. The SNRT was measured as the time from the last paced stimulus to the onset of the first spontaneous P wave. The measurement was repeated 3 times, and the reported SNRT is a mean from 3 measurements. To control for differences in intrinsic heart rate, SNRT was normalized to the resting heart rate by subtracting the SAN cycle length from the SNRT (SNRT c ϭSNRTϪSAN cycle length). A 60-s period was allowed to elapse between each successive pacing. Functional characteristics of all animals are shown in Table 1 . Results are presented as meanϮSEM. Differences were evaluated by Student t test and considered significant at PϽ0.05.
RNA Isolation
After functional measurements, intact SAN preparations were dissected from the hearts of sham-operated and myocardial infarction rats as previously described. 18 Tissue samples (Ϸ1ϫ1 mm) were taken from the center of the SAN as well as from the right atrial free wall. The samples were taken approximately at the expected level of the leading pacemaker site in the SAN (at the level of the main branch from the crista terminalis). The samples were immersed in a drop of freezing medium (OCT, BDH) and frozen in liquid N 2 .The tissue subsequently was cut into 20-m sections on a cryostat for RNA isolation. Total RNA isolation was performed on these samples with Qiagen RNeasy Micro spin columns. Using random hexamer priming to obtain cDNA, 100 ng of total RNA was reversed transcribed with superscript III reverse transcriptase (Invitrogen).
Quantitative Polymerase Chain Reaction
The qPCR reaction was performed using an Applied Biosystems 7900HT instrument with low-density Taqman array cards (onlineonly Data Supplement Table 1 ). Additional transcripts were quantified using Power SYBR green master mix. Primer assays were purchased from Qiagen, or individual primers were used (onlineonly Data Supplement Table 2 ); 28S was used as a housekeeping transcript. A common calibrator sample comprising a combination of different RNAs that represented all tissue types used was used with each run. Expression levels were calculated using ⌬Ct and ⌬⌬Ct methods (see online-only Data Supplement for details) 18 ; the results were qualitatively similar with the different methods. Data obtained with the ⌬Ct method (implemented using StatMiner version 4.1 software [Integromics] ) are shown in the Figures. In the case of the ⌬Ct method, the abundance of the transcript of interest is normalized to the abundance of a housekeeping transcript to correct for variations in input RNA. The ⌬Ct method allows the abundance of different transcripts to be roughly compared as well as allows the abundance of transcript of interest in different tissues and different treatment groups to be compared. However, the efficiency of the reverse transcription (described previously) for different transcripts can perhaps vary up to 10 times; therefore, only Ն10 times differences in the abundance of different cDNAs (corresponding to different transcripts) were interpreted as differences in the corresponding transcripts. Changes in mRNA with HF were evaluated with the false discovery rate, which has become a standard for multiple tests correction in microarray data analysis (see online-only Data Supplement for details).
Hierarchical Clustering and Multidimensional Scaling
Data obtained with the ⌬⌬Ct method (implemented using methods described by Tellez et al 18 ) were used. In the case of the ⌬⌬Ct method, first the abundance of a transcript of interest is normalized to the abundance of a housekeeping transcript (yielding a ratio of abundance of transcript of interest to abundance of housekeeping transcript) to correct for variations in input RNA; this ratio for the sample then is normalized to the same ratio for the calibrator to correct for variations between runs. The ⌬⌬Ct values for each transcript and sample were transformed to log 2 and then centered for each individual sample and each transcript, resulting in data for each transcript having a mean of 0 and an SD of 1 and thus allowing for comparison of the data sets. For hierarchical clustering and multidimensional scaling, J-Express version 7 was used. Hierarchical clustering was carried out using a selected group of 28 transcripts with Euclidian distances and average linkage. Multidimensional scaling was carried out with data from all transcripts with Euclidian distances.
Results

Dilatation of Right Atrium and Nodal Dysfunction After Infarction in the LV
The myocardial infarction rats showed characteristic signs of HF and are referred to as HF animals. Compared with the sham-operated animals, the HF animals showed an increase in the LV diastolic pressure of 317% and decreases in the LV systolic pressure (19%), LV developed pressure (32%), maximum rate of rise of LV pressure (37%), maximum rate of fall of LV pressure (41%), and LV ejection fraction (60%) ( Table  1 ). The hearts from the HF animals were hypertrophied in that compared with the hearts from sham-operated animals, they were heavier, and the heart-to-body weight ratio was greater ( Table 1) . As expected, echocardiography showed an enlargement of the LV and left atrium in HF animals ( Figure 1A ); this is confirmed by the measurements of LV end-diastolic and end-systolic areas shown in Table 1 . The right atrium also was enlarged as shown in Figure 1B . We propose that this is the cause of the remodeling of the SAN as explained in the Discussion section. The HF animals showed SAN dysfunction. Although in the anesthetized animals there was no difference in the heart rate between the HF and sham-operated animals ( Figure 2A and 2B), in the isolated Langendorff-perfused hearts from the HF animals the intrinsic heart rate was significantly slower (Figure 2A and 2C), and the SNRT c was significantly greater ( Figure 2D and 2E) than in hearts from sham-operated animals. In the HF animals, there also was evidence of dysfunction of the atrioventricular node; for example, the PQ interval was prolonged in both the anesthetized animals and in the isolated Langendorff-perfused hearts ( Figure 2B , Table 1 ).
qPCR Measurements
The relative abundance of 91 transcripts important for electric activity (transcripts for ion channels; gap junction channels; Ca 2ϩ -, Na ϩ -, and H ϩ -handling proteins; and receptors) was measured in tissue samples taken from the SAN and atrial muscle from HF and sham-operated animals. Of the genes studied, during HF, 53 changed significantly in the SAN, but only 1 changed significantly in the atrial muscle ( Table 2 ). The qPCR results are discussed in detail later. Many differences were observed in the abundance of transcripts between the SAN and atrial muscle, but generally, these are not commented on because similar data are discussed elsewhere. 18 Figure 1C shows that during HF, there was a substantial increase in NHE1 in the SAN, but, surprisingly, not in the atrial muscle. T-box transcription factor Tbx3 plays a key role in the regulation of gene expression in the SAN. As expected, it was highly expressed in the SAN but not in the atrial muscle ( Figure 1C ). During HF, there was a substantial increase in Tbx3 in the SAN ( Figure 1C ).
HF-Induced Changes in Two Key Regulatory Genes in SAN
Upregulation of Na
؉ and Ca 2؉ Channel Subunits
Expression of the cardiac Na ϩ channel Na v 1.5, which is largely responsible for I Na , was not affected by HF ( Figure  3A) . However, neuronal Na ϩ channels are known to be expressed in cardiac myocytes, 19 and the expression of the neuronal Na ϩ channels Na v 1.1 and Na v 1.3 was approximately doubled in the SAN (but not in atrial muscle) during HF ( Figure 3A) , which also is the case for the Na ϩ channel accessory subunits Na v ␤1 to Na v ␤3 ( Figure 3A) . The Ca 2ϩ channels Ca v 1.2 and Ca v 3.1 are largely responsible for I Ca,L and I Ca,T , respectively, and expression of both was significantly higher in the SAN (but not in atrial muscle) during HF ( Figure 3B ). The expression of the Ca 2ϩ channel accessory subunits Ca v ␤2, Ca v ␤3, Ca v ␣2␦1, Ca v ␣2␦2, and Ca v ␥7 was significantly higher in the SAN (but not in atrial muscle) during HF ( Figure 3B ).
Is Upregulation of K ir 2.4, TASK1, and TWIK2
Responsible for Decrease of Intrinsic Heart Rate During HF?
, and MIRP3 are K ϩ channel subunits responsible for the transient outward K ϩ current (I to ); K v 1.5, ERG, and K v LQT1 are delayed rectifier K ϩ channels responsible for I K,ur , I K,r , and I K,s , respectively; and K v 1.2 and K v 2.1 are 2 other delayed rectifier K ϩ channels important in the rat. 20, 21 Some of these K ϩ channel subunits (K v 1.4, K v 2.1, ERG, K v LQT1, KCHiP2, and MIRP3) were more highly expressed in the SAN (but not in atrial muscle) during HF ( Figure 4A ). The following 4 K ϩ channels active in diastole and, therefore, capable of slowing pacemaking were upregulated in the SAN (but not in atrial muscle) during HF: K ir 2.4 (K ir 2 channels are responsible for I K,1 ) and the twin pore K ϩ channels TASK1, TWIK1, and TWIK2 ( Figure  4 ). The abundance of the small-conductance Ca 2ϩ -activated K ϩ channels SK1 and SK3 was greatly increased in the SAN during HF ( Figure 4B ). In contrast, the abundance of another small-conductance Ca 2ϩ -activated K ϩ channel, SK2, was decreased in the atrial muscle during HF ( Figure 4B ). 
Unexpected Changes in HCN Channels, Transient Receptor Potential Channels, and Connexins
HCN channels are responsible for I f and, unexpectedly, HCN2 and HCN4 expression was significantly higher in the SAN (but not in atrial muscle) during HF ( Figure 5A ). Transient receptor potential channels (TRPC) have been proposed to be store (ie, sarcoplasmic reticulum [SR]) operated Ca 2ϩ channels involved in SAN pacemaking, 22 and again unexpectedly, TRPC3 and TRPC4 expression was significantly higher in the SAN during HF; TRPC4 was not detected in the atrial muscle ( Figure 5B ). The connexin Cx30.2 is primarily expressed in the SAN, and its abundance was increased Ϸ2-fold in the SAN during HF ( Figure 5C ), and whether this can explain the increase in the SAN conduction time in HF is considered in the Discussion section. The abundance of Cx45 was also significantly increased in the SAN during HF ( Figure 5C ). Spontaneous diastolic release of intracellular Ca 2ϩ from the SR has been implicated in the pacemaker activity of the SAN. 11 The expression of the following 5 SR Ca 2ϩ release channels was significantly increased in the SAN (but not in atrial muscle) during HF: the ryanodine receptors RYR2 and RYR3 and types 1 to 3 inositol 1,4,5-trisphosphate (IP 3 ) receptors ( Figure 6 ). Two other Ca 2ϩ -handling proteins, calsequestrin 2 (SR Ca 2ϩ -binding protein) and PMCA1 (plasma membrane Ca 2ϩ ATPase 1), also were increased in the SAN (but not in atrial muscle) during HF ( Figure 6 ). Regulation of intracellular Ca 2ϩ is tied to the regulation of intracellular Na ϩ and H ϩ . Of the 3 Na ϩ -K ϩ pump isoforms (␣1 to ␣3) responsible for the regulation of intracellular Na ϩ , the expression of the ␣3 isoform was significantly greater in the SAN than in the atrial muscle (the other 2 isoforms were more uniformly distributed in SAN and atrial muscle) ( Figure  7A ). The expression of the ␣3 isoform was significantly increased in the SAN during HF, whereas the expression of the Na ϩ -K ϩ pump ␤1 subunit was depressed ( Figure 7A ). The expression of intracellular H ϩ -handling proteins also was altered during HF: The expression of AE1 and AE2 (Cl Ϫ -HCO 3 Ϫ exchangers), NBC1 (Na ϩ -HCO 3 Ϫ cotransporter 1), and MCT1 (monocarboxylate transporter 1) was significantly increased in the SAN (but not in atrial muscle) during HF ( Figure 7A ). An increase in NHE1 ( Figure 1C ) has already been commented on.
Changes in Ca
Upregulation of Receptors in SAN During HF
There was an increase in expression of the ␣ 1A , ␣ 1B , ␤ 1 , and ␤ 2 adrenergic receptors in the SAN (but not in atrial muscle) during HF ( Figure 7B ). The expression of the A1 adenosine receptor also was significantly increased in the SAN during HF ( Figure 7B ).
Upregulation of a Hypertrophy Marker and Summary
An increase in the expression of ␤-myosin heavy chain (MHC) occurs as part of a hypertrophy program. 23 Perhaps as expected, the expression of ␤MHC was significantly higher in the SAN (but, surprisingly, not in atrial muscle) during HF ( Figure 7C ). The expression of ␣MHC also was significantly higher in the SAN (but not in atrial muscle) during HF ( Figure 7C) . However, the increase in expression of ␤MHC was greater than that of ␣MHC.
Hierarchical clustering was carried out on a subset of the transcripts as shown in Table 2 (see the online-only Data Supplement for details), which grouped the SAN samples from the HF animals separately from the SAN samples from the sham-operated animals ( Figure 8A ). The atrial muscle samples were separated from the SAN samples, but there was no systematic separation of the HF and sham-operated atrial muscle samples on the basis of these transcripts. Multidimensional scaling ( Figure 8B ) was carried out with the data for all transcripts (online-only Data Supplement). Figure 8B shows each sample in a 2D matrix separated from the others by a distance proportional to the aggregate of all transcripts. The atrial muscle samples, which are grouped closely together, are separate from the SAN samples, which are less closely grouped (ie, there was more variation between SAN samples) ( Figure 8B ). The overall aggregate of all transcripts separates the SAN samples, but not the atrial muscle samples, from the HF and sham-operated animals. In summary, the hierarchical clustering and the multidimensional scaling shows that ion channel expression is distinct between (1) the SAN and atrial muscle and (2) the SAN (but not atrial muscle) from HF and sham-operated animals.
Discussion
To our knowledge, the present study shows for the first time that HF results in SAN dysfunction and widespread remodeling (at the mRNA level) of ion channels and related proteins ( Figure  8 , Table 2 ).
Stimulus for SAN Remodeling in HF
It is not obvious why myocardial infarction in the LV should cause dysfunction of the SAN located on the right side of the heart. One possible explanation is that the changes in the SAN result from neurohormonal changes known to occur in HF. Another possibility is that the reduced contractility of the LV and the resulting decrease in the LV ejection fraction (Table 1) causes (1) fluid retention and (2) a build-up of blood in the left atrium; the pulmonary vasculature; the right side of the heart; and, finally, the right atrium ( Figure 1) . As a result, the right atrium is volume overloaded and stretched, and this could initiate changes in gene expression. There was a substantial increase in NHE1 in the SAN during HF (Table  2 ). An increase in NHE1 activity (including upregulation of NHE1) has been observed in many models of HF. 16 Activation of NHE1 is known to occur in response to stretch. 16 It is believed that NHE1 triggers intracellular signaling pathways to result in hypertrophy and remodeling. 16 It is interesting to speculate that the HF-induced nodal dysfunction will be cariporide sensitive. Could NHE1 be acting on Tbx3? Tbx3 has been shown to play a key role in the development of the SAN, controlling the expression of many genes that are key to the pacemaker function of the SAN. 24 For example, ectopic expression of Tbx3 in the atrial muscle causes changes in the expression of Ϸ500 genes and the expression of an SAN phenotype. 25 Tbx3 expression was substantially greater in the Table 2) . Many of the genes Tbx3 has been shown to upregulate 25 were upregulated in the SAN during HF, as follows: Ca v 3.1, Ca v ␤2, Ca v ␣2␦1, Ca v ␣2␦2, ERG, HCN2, HCN4, Cx30.2, Cx45, and the type 1 IP 3 receptor (Table 2) .
SAN during HF (
It is interesting and unexpected that there was no upregulation of NHE1 in the atrial muscle despite the dilatation of the right atrium (Figure 1 ). This finding could explain the relative lack of remodeling of ion channels and so forth in the atrial muscle, whereas 58% of transcripts studied changed in the SAN and only 1% changed in the atrial muscle ( Table 2) .
Explanation of HF-Induced Decrease of Intrinsic Heart Rate
In the present study (Figure 2) , as in previous studies of humans and animal models, 6 -8 HF was accompanied by dysfunction of the SAN. For example, HF was accompanied by a decrease in the intrinsic heart rate ( Figure 2 ). This must be the result of a decrease in inward current or increase in outward current during the pacemaker potential (ie, diastole). The HCN channels (primarily HCN4) are responsible for I f , which is a key inward current during the pacemaker potential. Previously, it has been reported that with other animal models of HF, both the density of I f and the expression of HCN4 decline in the SAN in response to HF. 7, 15 Therefore, it was surprising that in the present study, an increase in HCN2 and HCN4 expression in response to HF was seen ( Table 2) . We suggest that this is an HF model difference, and in this case, the increase in HCN expression may be a compensatory response to the changes in K ϩ channels (discussed later). The increase in HCN4 expression may be driven by the increase in Tbx3 expression, as discussed previously, and for the control and HF atrial and SAN samples, there is a significant correlation between HCN4 expression and Tbx3 expression (R 2 ϭ0.72, PϽ0.0001).
Changes in Na ϩ channel subunits (responsible for inward I Na ) cannot explain the decrease in intrinsic heart rate. During HF, there was an increase in Na v 1.1, Na v 1.3, Na v ␤2, and Na v ␤3 in the SAN (Table 2) , and yet, block of neuronal ion channels (eg, Na v 1.3) 26 and knockout of Na v ␤2 27 have been shown to decrease the heart rate. Again, it is difficult to explain the decrease in intrinsic heart rate in terms of Ca 2ϩ channels because expression of Ca v 1.2 and Ca v 3.1, which are responsible for I Ca,L and I Ca,T (known to contribute to pacemaking), 11 was increased (Table 2 ). There was an increase in the expression of various Ca 2ϩ channel accessory subunits (Ca v ␣2␦1, Ca v ␣2␦2, Ca v ␤2, Ca v ␤3, and Ca v ␥7) in the SAN during HF (Table 2) ; however, this is expected to lead to an increase in I Ca because they have been shown to increase Ca 2ϩ channel incorporation into the cell membrane. 28 Changes in TRPC (perhaps responsible for inward store-operated Ca 2ϩ current involved in SAN pacemaking 22 ) also cannot explain the decrease in intrinsic heart rate because expression of TRPC3 and TRPC4 was increased in the SAN during HF (Table 2) .
However, an increase in the expression of K ϩ channels (ERG, K v LQT1, K ir 2.4, TASK1, TWIK1, and TWIK2) (Table 2) responsible for outward currents during diastole could be responsible for the decrease in the intrinsic heart rate. I K,r and I K,s (for which ERG and K v LQT1, respectively, are responsible) are activated during the action potential, and they deactivate during diastole, allowing the development of the pacemaker potential. 12 An increase in I K,r and I K,s , therefore, may slow pacemaking. However, I K,s has been reported to decrease in the rabbit during HF. 15 K ir 2.4 (in part responsible for I K,1 ), TASK1, TWIK1, and TWIK2 are expected to carry outward current during diastole, and their increased expression in the SAN during HF (Table 2) is expected to slow pacemaking; the increase in TASK1 may be particularly important because TASK1 was Ͼ10 times more abundant than the other channels.
Diastolic Ca 2ϩ release from the SR, by activating inward I NaCa , contributes to pacemaking. 29 There was an increase in the expression of various SR Ca 2ϩ release channels (RYR2, RYR3, and types 1 to 3 IP 3 receptors) in the SAN during HF ( Table 2) . Expression of the type 1 IP 3 receptor also has been shown to increase in the ventricles during HF. 30 However, intuitively, the increase in expression of these SR Ca 2ϩ release channels is expected to increase the intrinsic heart rate rather than to decrease it. Nevertheless, the functional role of RYR3 in cardiac tissue has yet to be studied, and the greater abundance of RYR3 in the SAN compared to the atrial muscle (also seen in mouse and rabbit 31, 32 ) and its further increase in the SAN during HF (Table 2) suggest that RYR3 could play an important role in SAN function. Calsequestrin 2 is a high-capacity Ca 2ϩ -binding protein that is found in the lumen of the SR. Overexpression of calsequestrin 2 leads to a decrease in intracellular Ca 2ϩ and is associated with hypertrophy. 33 It is possible that the increase in the expression of calsequestrin 2 in the SAN during HF may slow pacemak- ing as a result of the inhibition of Ca 2ϩ release. Finally, expression of the A1 adenosine receptor was substantially increased in the SAN during HF (Table 2) , which is consistent with studies on the atrioventricular node from a rabbit HF model where an increase in sensitivity to adenosine was reported. 5 By activating the A1 receptor, adenosine is known to cause bradycardia in humans, 34 and overexpression of the A1 receptor in mice also causes a reduction in the intrinsic heart rate. 35 Therefore, it is possible that the increased expression of the A1 adenosine receptor in the SAN could contribute to the decline in the intrinsic heart rate. In summary, we suggest that the decrease in the intrinsic heart rate in this model of HF may involve an upregulation of ERG, K v LQT1, K ir 2.4, TASK1, TWIK1, TWIK2, calsequestrin 2, and the A1 adenosine receptor in the SAN.
HF-Induced Changes in Action Potential Duration?
It is well-known that HF causes an increase in action potential duration in the atria and ventricles. 36, 37 If such an increase occurred in the SAN, it could contribute to the slowing of pacemaking (although such a change in action potential duration does not occur in the SAN in a rabbit model of HF at least 15 ). The increase in Na ϩ and Ca 2ϩ channel subunits in the SAN discussed previously could increase action potential duration, but the increase in ERG and K v LQT1 as well as the increase in the I to channel subunits (K v 1.4, KChIP2, and MIRP3) and the Ca 2ϩ -activated K ϩ channels SK1 and SK3 (known to contribute to action potential repolarization 38, 39 ) in the SAN during HF (Table 2 ) are expected to decrease action potential duration.
Connexins
It has been shown clinically that HF is associated with an increase in the SAN conduction time. 6 SAN conduction time depends on electric coupling between myocytes provided by gap junctions made up of connexins. There was an increase in the expression of Cx30.2 and Cx45 in the SAN during HF (Table 2 ). Cx30.2 protein has been shown to be highly abundant in the SAN, 40 which suggests that Cx30.2 plays an important role in the SAN. The conductance of both Cx30.2 (Ϸ9 ps) and Cx45 (20 to 40 ps) is low. 40, 41 The increase in expression of Cx30.2 and Cx45 by increasing the complement of connexins could increase electric coupling (and, therefore, accelerate action potential conduction). However, Cx30.2 is able to form small conductance heteromeric gap junctions with other connexins (which alone would produce large conductance gap junctions); therefore, the increase in expression of Cx30.2 could decrease electric coupling and slow action potential conduction. The conduction velocity also depends on other factors, such as fibrosis.
Exchangers and Transporters Involved in Regulation of Intracellular Na
؉ and pH
Regulation of intracellular ions in the SAN is likely to be different during HF because in the SAN during HF the expression of the ␣3 Na ϩ -K ϩ pump isoform, AE1, AE2, NBC1, MCT1, and NHE1 was increased, and the expression of the Na ϩ -K ϩ pump ␤1 subunit was decreased ( , which is involved with pacemaking as already discussed. In addition, pH is known to have a profound effect on pacemaking. 42 However, there may not be a change in intracellular pH because the opposite effects of the increases in expression of NHE1 and AE1 and AE2 may balance one another; this occurs in other systems in hypertrophy. 16 
Receptors
The expression of the ␣ 1A , ␣ 1B , ␤ 1 , and ␤ 2 adrenergic receptors was increased in the SAN during HF (Table 2 ). This is expected to increase the sensitivity of the SAN to sympathetic stimulation and could explain how the HF animals were able to maintain the same heart rate as the sham-operated animals even though the intrinsic heart rate of the HF animals was slower (Figure 2 ). In contrast, the expression of the M 2 muscarinic receptor was not altered (Figure 7) . In contrast to these findings, in a rabbit model of HF, there was an increase in acetylcholine sensitivity and no change in norepinephrine sensitivity. 8 
Conclusions
We have identified many genes that are altered in the SAN during HF. These include an increase in the expression of ERG, K v LQT1, K ir 2.4, TASK1, TWIK1, TWIK2, calsequestrin 2, and the A1 adenosine receptor, which could be responsible for the slowing of the intrinsic heart rate during HF, and an increase in the expression of Cx30.2, which perhaps is responsible for the increase in the SAN conduction time. We suggest that these changes are brought about by a stretch-mediated increase in NHE1. The identification of the mechanisms that lead to SAN dysfunction during HF will aid the development of moreeffective clinical treatments, such as gene therapy, in the future.
